Introduction
The dye-binding method is based on a color reaction between a protein and the pH indicator, such as bromocresol green 1 and bromocresol purple, 2 and the absorbance increases in proportion to the protein concentrations. However, its absorbance increase depends on the pH, and appears only within a narrow pH region. 3, 4 That is, the pH exists where the absorbance increase becomes zero. Therefore, the application of the dye-binding method to the determination of human serum albumin is restricted by the pH, and it is important to roughly know its applicable pH range before performing various experiments. However, the measurement conditions in developing a dyebinding method have so far been examined experimentally, but not theoretically. An analysis concerning the measurement conditions of a dye-binding method by a calculation will be available in order to simplify a series of studies. In the dyebinding method, non-ionic detergents are generally added to the color reagent in order to prevent the precipitation of serum protein in the reaction under acidic conditions. 1, 2 The pH where the absorbance increase becomes zero in the absence of a detergent was examined previously, 5 but that in its presence has not yet been elucidated. Thus, in the present work the author investigated the pH where the absorbance increase becomes zero by a calculation based on the chemical equilibrium of the protein error, 6 and by an experiment using four of the pH indicators employed in clinical examinations of human albumin in body fluids.
Experimental

Reagents
All of the reagents were obtained from Wako Pure Chemical Industries, Ltd., Osaka Japan, and were of the best quality available.
Buffer solutions: Buffer solutions with the pH range from 1.04 to 2.28 were prepared by mixing a 0.1 mol l -1 glycine solution containing a 0.1 mol l -1 NaCl and a 0.1 mol l -1 HCl solution. Buffer solutions with a pH range from 2.4 to 7.80 were prepared by mixing a 0.1 mol l -1 citric acid solution and a 0.2 mol l -1 Na2HPO4 solution. Buffer solutions with a pH range from 8.53 to 12.90 were prepared by mixing a 0.1 mol l -1 glycine solution containing a 0.1 mol l -1 NaCl and a 0.1 mol l -1 NaOH solution. The pH of the solution was adjusted using a Hitachi-Horiba M8 pH meter.
A detergent solution, 100 g l -1 : Ten grams of Brij 35 were dissolved in about 50 ml of warm water. After cooling, it was diluted to 100 ml with water.
Dye solutions, 1 mmol l -1 : 670 mg of bromophenol blue (BPB), 700 mg of bromocresol green (BCG), 540 mg of bromocresol purple (BCP) and 670 mg of bromothymol blue (BTB) were dissolved separately in 1000 ml of distilled water.
A color reagent: To 20 ml of a buffer solution, 5.0 ml of a dye solution and 0.5 -8.0 ml of a Brij 35 solution were added, and then the mixture was diluted to 100 ml with distilled water.
A protein solution, 2.0 g l -1 : 200 mg of human serum albumin (HSA), was dissolved in 100 ml of distilled water. This solution was stored in a refrigerator.
Procedure
A test solution was prepared by adding 4.0 ml of a color reagent to 1.0 ml of a protein solution, and reacted for 10 min at 25˚C. Its absorbance was then recorded at 600 nm for BPB, 620 nm for BCG, 590 nm for BCP and 615 nm for BTB against distilled water at 25˚C with a Hitachi 7010 Clinical Spectrophotometer. A reagent blank was prepared by mixing 4.0 ml of the color reagent and 1.0 ml of distilled water. In the dye-binding method, the absorbance increase caused by a protein error of a pH indicator is observed only in a restricted pH range. However, this pH range in the presence of a detergent has not yet been examined. Thus, the author investigated the pH (pHUL) where the absorbance increase becomes zero by a calculation based on the chemical equilibrium of a protein error of a pH indicator, and by experiments using four sulfonephthalein dyes. The pHUL value changed only with the detergent concentration, but did not change at all due to the dye, buffer solution or protein concentrations. Although the pHUL value was different according to the kind of dye used, it correlated well with the pKD values (dissociation constant) of BPB, BCG, BCP and BTB. The characteristics of pHUL in the reactions of the four dyes indicated good agreement with that obtained by a calculation. 
Calculation Based on the Chemical Equilibrium of Protein Error
In this study, the characteristics of the dye-binding method were analyzed in the same manner as that reported in previous papers. 6 That is, chemical equilibrium was assumed as follows. The dye dissociates (Eq. (1)) and the resultant dissociated dye anion binds to a positively charged protein, forming a dyeprotein complex (Eq. (2)). The detergent binds to a positively charged protein, forming a detergent-protein complex (Eq. (3)) and to undissociated dye, forming a detergent-dye complex (Eq. (4)). The conjugated acid in the buffer solution dissociates (Eq. (5)) and the resultant conjugated base also binds to a positively charged protein, forming an anion-protein complex (Eq. (6)). In addition, the coexisting anions in a body fluid also bind to a positively charged protein forming an anion-protein complex (Eq. (7)):
Here, HD is the dye, D -the dissociated dye anion, P + the positively charged protein, PD the dye-protein complex, S the detergent, SHD the detergent-dye complex, PS + the detergentprotein complex, HM the conjugated acid composing a buffer solution, M -the conjugated base composing a buffer solution, Y -the coexisting anion in a body fluid that does not hydrolyze, and PY the anion-protein complex. 
Here, Ka and Kb are the mean dissociation constants of acidic and basic residues of the protein, and KW is the ionic product for water.
The absorbance of the test solution was calculated as follows:
Here, EZ is the absorbance of the test solution against the reagent blank, EP the absorbance of the test solution containing the dye-protein complex against distilled water, EPD the absorbance of the dye-protein complex formed against distilled water, ED the absorbance of the dissociated dye anion (D -P) in the test solution, EB the absorbance of the dissociated dye anion (D -B) in the reagent blank, ePD the molar absorptivity of the dye-protein complex, eD the absorptivity of the dissociated dye anion, and n the ePD/eD ratio.
In the calculation, the pKD values of the dye were 3.98, 4.67, 6.3 and 7.0 (these values correspond to those of BPB (3.98), BCG (4.67), BCP (6.3) and BTB (7.0)).
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Results and Discussion
Calculated results
As can be seen from Eqs. (8) and (10), since the amount of the dye-protein complex changes according to the dye, protein, buffer and detergent concentrations and the absorbance changes by the dissociation constant (KD), the equilibrium constant (KSD), the detergent concentration (CS) and the n-value, the characteristics of the pH (pHUL) where the absorbance increase becomes zero (EZ = 0), were examined by changing these variables. Figure 1A indicates the relationship between the absorbance and the pH in the presence of a detergent by changing the n-value from 0.2 to 1.6. pHUL appears only when the n-value is 0 < n < 1. In the case of n ≥ 1, since the absorbance does not become minus at all, pHUL does not exist. The concentrations of the dye, protein and buffer solution change the color development, but do not change the pHUL. However, the pHUL is affected by the detergent concentration, and shifts to a higher pH region while increasing its concentration, as indicated in Fig. 1B . In addition pHUL is affected by the equilibrium constant KSD, and shifts to a higher pH with increasing this variable.
These However, the amount of the dye-protein complex formed in the reaction approaches zero, but does not become zero, as shown in Fig. 1C . Therefore, a conditional equation meeting the requirement for EZ = 0 is as follows:
Since [H + ] > 0, KD > 0, KSD > 0 and CS > 0,
In the case of n ≥ 1, i.e., ePD ≥ eD, since W > 0, a pH value satisfying Eq. (11) can not be found. Under this condition the absorbance is EZ > 0 over the entire pH region, and pHUL does not exist.
The pH value satisfying Eq. (11) can be found only in the case of n < 1, i.e., ePD < eD. From Eq. (11), we can obtain the following equation:
It can be seen from this equation that the pHUL is a function of pKD, KSD, n and CS, but not the concentrations of the dye (CD), buffer solution (CM), protein (CX) or dye-protein complex (PD).
Since the variables pKD, KSD and n are peculiar to each dye, they become constant when the used dye is determined. Therefore, pHUL becomes a function only for the detergent concentration (CS) when a dye is selected. In addition, if the KSD, n and CS values are of the same degree, it is a function of the pKD value. From Eq. (12), if 0.5 < n < 1, since log{n(1 + KSDCS)/(1 -n)} > 0, the pHUL value becomes larger than the pKD value. If 0 < n < 0.5, the relationship between pHUL and the n-value can be summarized as follows. If n(1 + KSDCS) < (1 -n), since log{n(1 + KSDCS)/(1 -n)} < 0, and pHUL < pKD, pHUL appears in a lower pH region than the pKD value of the dye. If n(1 + KSDCS) = (1 -n), since log{n(1 + KSDCS)/(1 -n)} = 0, and pHUL = pKD, pHUL appears at a pH corresponding to the pKD value of the dye. However, as described later, since experimentally pHUL became larger than pKD, and did not become smaller than pKD at all, the conditions of 0 < n < 0.5, and n(1 + KSDCS)/(1 -n) ≤ 1 are not considered to hold well in the reactions of the four dyes.
Experimental results
The pHUL (indicated by ≠) was observed in the reactions of BPB, BCG, BCP and BTB with human serum albumin in the presence of Brij 35, as shown in Fig. 2A . Although the pHUL was different according to the kind of dye, it correlated well with the pKD values of the four dyes, indicating that it is a function of the pKD value. The correlation coefficient between pHUL and the pKD values of these dyes was 0.903 -0.996 when color reagents containing 1 -8 g l -1 Brij 35 were used. The concentrations of the dye, protein and buffer solution changed the color development, but did not change the pHUL at all. It was the detergent concentration that affected the pHUL, as shown in Fig. 2B . The pHUL shifted to a higher pH according to an increase in the detergent concentration. In the reactions of BPB, BCG, BCP and BTB, the pHUL values of these dyes were larger than their pKD values, meaning that n(1 + KSDCS)/(1 -n) > 1 holds well, as indicated by the calculation. These characteristics of the pHUL in the reactions of the four dyes agreed well with that obtained by the calculation, indicating that the reaction model of the protein error mentioned above serves for analyzing the characteristics of the dye-binding method. Thus, the dyebinding method based on measuring an absorbance increase can be designed only in the restricted pH range in the presence of a detergent as well, while the addition of a detergent shifts the pHUL to a higer pH region, and expands the pH range where the dye-binding method can be performed.
